An intermediate identifiable as the emitter in bacterial bioluminescence has been demonstrated. The reaction was carried out at 1°C by mixing purified luciferasebound FMN 4a-hydroperoxide with long-chain aldehyde (decanal). Simultaneous kinetic measurements of bioluminescence and absorbance showed that the decay of light emission occurred more rapidly than the appearance of the stable product, oxidized FMN, indicating the formation of a transient intermediate species subsequent to light emission. The same species was found in reaction mixtures examined immediately after light emission was completed. It has a relatively short half-life (7 min at 9°C); the chromophore is postulated to be the luciferase-bound flavin 4a-hydroxide and to decay to the stable product, FMN, by losing water. Both its absorption spectrum (X.,, 360 nm) and its fluorescence emission (X,l, 490 nm) are consistent with the hypothesis that this is the ground state of the primary emitter, the bioluminescent species produced in the reaction.
In bioluminescence, a product of the reaction is generated in a singlet excited state, which may either directly emit the characteristic luminescence or, alternatively, transfer its energy to a secondary emitter not necessarily involved in the reaction (1, 2) . If the primary excited species is itself the emitter, then the reaction product, now in its ground state after emission, should be identifiable by its fluorescence. However, this species need not be the final reaction product and, therefore, its lifetime may be short, making it elusive.
In the bacterial bioluminescent reaction such an emitter has not been previously identified (2, 3) . FMN, a product of the reaction and a highly fluorescent molecule, could be the emitter in the reaction, but its fluorescence emission is centered at 530 nm, while the bioluminescence peaks around 490 nm (4, 5) . Moreover, luciferase-bound FMN is nonfluorescent (5, 6) . Nevertheless, from studies with active flavin analogs having different fluorescence properties, it has been concluded that the emitter is a flavin species (3, 4, 7) .
Additional information became available with the isolation and identification of the luciferase-bound flavin 4a-hydroperoxide (8) (9) (10) . As an intermediate in the oxidation of FMNH2 by oxygen (in the absence of aldehyde), this species has a half-life of about 1 hr at 2°C (11, 12) and, under appropriate conditions, exhibits a high quantum yield fluorescence with an emission closely matching that of the bioluminescence (13) . However, this peroxyflavin cannot be the emitter either, because it has not yet reacted with aldehyde in the catalytic pathway. The luciferase-bound flavin 4a-hydroxide should have a similar fluorescence and could be produced in this reaction in the singlet excited state (14, 15) . The experiments described below provide evidence for the occurrence and emitter role of the hydroxyflavin chromophore.
MATERIALS AND METHODS
Cells of Vibrio harveyi, Cline's mutant strain M-17 (16) , were grown and harvested as described by Nealson (17) ; luciferase was extracted and purified following the procedures of Hastings et al (18) . The enzyme purity was evaluated by gel electrophoresis and was estimated to be >95%; its concentration was determined using Mr = 79,000 and an absorbance coefficient of 1.2 (0.1%, 1 cm) at 280 nm (19) .
Absorbance measurements were made with a commercial spectrophotometer (Kontron, Uvikon, model 820) modified to measure simultaneously the absorbance and bioluminescence of a reaction mixture. The thermostatted cuvette holder has a port for a fiber optics pipe leading to a photometer (20) to record bioluminescence intensity. The spectrophotometer is designed to make corrections (50 times per sec) for any changes in real or apparent dark current. In these experiments, the instrument made such corrections for the bioluminescence emission. Fluorescence measurements were made with a Perkin-Elmer MFP-44 fluorescence spectrofluorometer.
The luciferase flavin hydroperoxide intermediate was prepared and purified by molecular sieve column chromatography at 1PC (11, 21, 22 4 .5 x 10-3 M) and equilibration buffer (150 ,ul) was reduced with sodium dithionite, applied to the column, and eluted with the same buffer under aerobic conditions at 1°C. During the elution a bright band of luminescence could be seen, indicating the reaction of the formed luciferase-bound flavin hydroperoxide with the decanal. The light emission had disappeared prior to the elution of the protein fraction (0.4 ml), which was collected (elution time, 10 min) after the void volume (4.7 ml) and transferred to a cuvette for measurement of either fluorescence or absorbance spectra. No residual luciferase-bound flavin hydroperoxide activity could be detected in this fraction.
FMN was obtained from Sigma and was purified prior to use by affinity chromatography with an apoflavodoxin column (23) ; the concentration of the aldehyde (decanal, from Aldrich; redistilled) was determined by gas chromatographic analysis. AU other reagents were of analytical grade. Buffer solutions were prepared from double-distilled water.
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In previous studies it has been shown that the decay of the flavin hydroperoxide that occurs in the absence of added aldehyde is exponential and that the spectral absorbance changes occur isosbestically with the appearance of oxidized FMN, much of it still enzyme bound (11) . This decay (as monitored by absorbance at 440 nm) is paralleled by the decay of a very weak "endogenous" light emission from the preparation as well as by the loss of its capability to emit bioluminescence on addition of long-chain aldehyde.
In the present study, we measured simultaneously the changes in absorbance and in bioluminescence intensity after the addition of decanal to the isolated luciferase-bound flavin hydroperoxide at 10C ( Figs. 1 and 2 ). The overall absorbance changes (at 440 nm) are indicative of the appearance of oxidized FMN, but they may be divided into an early phase (Fig. 1 Lower; 0-300 sec) and a late phase ( Fig. 1 Upper), characterized also by different isosbestic points.
In the earlier phase, the increase in absorbance is more rapid at 355 nm (t; = 67 sec; k = 0.62 min-) than at 440 nm (tie = 106 sec; k = 0.39 min-), with the decay in bioluminescence paralleling the former (Fig. 2B ). The isosbestic points (331, 368, and 400 nm) are similar to those reported (329, 368, and 401 nm) for the dark decay of the Vibrio (Beneckea) hart'eyi flavin hydroperoxide (10) . At the same time, only -55% of the final absorbance at 440 nm (thus, oxidized FMN) has developed during this first phase even though the major fraction (70%) of the light has been emitted ( Fig. 2A) .
The later phase, with isosbestic points at 355 and 408 nm, involves only small absorbance changes in the 300-to 400-nm range but continued changes in the 440-nm band. This phase may therefore involve an intermediate flavin species and its conversion to oxidized FMN. A spectrum for this species (postulated to be the luciferase-bound FMN 4a-hydroxide; see below) can be obtained ( Fig. 3 ) by subtracting from an intermediate spectrum (curve 5 in Fig. 1 ) the appropriate amounts (see figure legend) of both oxidized FMN (the end point spectrum) and the amount of still-unreacted flavin 4a-hydroperoxide (curve 1 in Fig. 1 ), as deduced from the amount of light still to be emitted. As expected for the flavin 4a-hydroxide, the spectrum is blue-shifted compared to that for the FMN hydroperoxide. The spectrum accommodates the observation that the spectral changes at 355 and 386 nm are rapid during the first phase, reflecting the formation, subsequent to light emission, of ground-state flavin hydroxide. Some of this would subsequently eliminate water to form oxidized FMN, thus (transiently) giving a mixture of the two. Under the conditions of this experiment, it is difficult to specify the extent to which the oxidized FMN is dissociated from the luciferase in a last step. In this experiment, the decay of the light emission was also biphasic, some 30% of the light being emitted in the slower phase (after t = 300 sec), at which time the samples contained mixtures of peroxy-and hydroxy-FMN. Although a more completely monophasic character occurred when a higher concentration of aldehyde was used, more aldehyde could not be used in absorbance experiments because of turbidity. A preparation of the hydroxy-FMN species without the peroxy species was obtained by running the reaction at MC on a Sephadex G-25 column preequilibrated and eluted with decanal-containing buffer. Luciferase with added FMN was reduced with excess sodium dithionite and was applied to the column. As the luciferase-FMNH2-aldehyde complex moved down the column, it reacted with oxygen to form the flavin hydroperoxide and then reacted with the aldehyde to yield the light-emitting species; this was readily seen as a brightly luminescent band. However, the light emission was completed before the elution of the luciferase in the fractions immediately following the void volume. Upon its elution, the luciferase had two forms of flavin bound to it, as deduced by absorbance and fluorescence spectra. A major fraction of the bound flavin was in the oxidized form, with the characteristic absorbance maxima in the 370 nm and 440 nm regions and fluorescence emission maximum at 530 nm. Since luciferase-bound FMN is known to be non-or only weakly fluorescent (5, 6) , some of the FMN may have dissociated, and this may be largely responsible for the fluorescence peaking at 530 nm. On the other hand, oxidized FMN formed at the active site may itself be fluorescent.
A second form of luciferase-bound flavin, especially evident from its fluorescence emission in the 490-nm range (Fig.  4) , appears to be the same intermediate flavin species as the one formed upon reaction of luciferase hydroperoxide with decanal, described in Figs. 1 and 2 . The absorbance (Fig. 3 , solid circles), determined by correcting the absorbance spectrum of the freshly eluted reaction mixture for the amount of luciferase-bound oxidized FMN calculated to be present, is similar to that obtained by the previous method. The fluorescence emission spectrum (Xmax, 495 nm; Fig. 4 , curve F) is similar to the bioluminescence emission and to that of the fluorescence of the luciferase flavin hydroperoxide (13, 22) .
A minimal mechanism which, in our opinion, best fits the present data is shown in Scheme I. It involves the reaction of Biochemistry: KurfUrst et aL
RCHO E-FMNH-OOH E-FMNH-OO-CHOH-R ;^,E(FMNH-OH)* <FMNH-OH --E-FMN + H20 -h-E + FMN
RCOOH hv I aldehyde with the flavin hydroperoxide to form the peroxyhemiacetal in step kj. This then reacts (step k2) to give the luciferase-bound flavin 4a-hydroxide in the excited state and carboxylic acid (probably also remaining enzyme bound) followed by light emission (step k3). Water is subsequently eliminated from the ground state flavin hydroxide (step 14) to yield the enzyme-FMN complex, which in turn dissociates to its components (step k5). The fast phase of spectral changes observed, in particular at 355 nm, which parallel the decay of light emission, would correspond to step k2; the later increase of absorbance at 450 nm ( Fig. 1) and the decrease in fluorescence at 490 nm (Fig. 4) reflect the step involving the elimination of water (k4).
On the assumption that k2 and k4 are the limiting steps and about equal in value, the kinetic behavior of AA355 will be The conversion of the peroxyhemiacetal to the flavin 4a-hydroxide and RCOOH may be written as a hydride shift (Baeyer-Villiger; see ref. 24) or equally well as a proton loss (Scheme II). Although the proposed reaction scheme does not in itself demand the formation of an excited species, it accounts for the energetic requirements of light emission: the labile 0-0 bond disappears in the reaction step in which the postulated luminophore is created. Moreover, this mechanism is in agreement with the studies of Bruice and coworkers with flavin 4a-hydroperoxide model systems (25) (26) (27) nm; the 4a,5-dihydroflavin chromophore and, in particular, 4a-hydroxyflavins emit in this range (28, 29) . Moreover, luciferase-bound flavin hydroperoxide, the chromophore of which is essentially the same as that of the hydroxide, also emits with a maximum at -490 nm (13, 22) , corresponding to the bioluminescence emission spectrum. The identity of the new intermediate as the hydroxide also follows from comparisons with studies of p-hydroxybenzoate hydroxylase (30) , phenol hydroxylase (31) , and N,S-monooxygenase (32) . With these enzymes, conversion of the flavin hydroperoxide to the hydroxide, which accompanies substrate monooxygenation, goes along with a hypsochromic shift of the absorbance band in the near ultraviolet of -10 nm. The spectrum of the postulated luciferase-bound 4a-hydroxide is also consistent with the absorbanCe of authentic FAD 4a-hydroxide bound to p-hydroxybenzoate hydroxylase (33) . The flavin 4a-hydroxide intermediate is of special interest in the bacterial luciferase reactions for two reasons. First, as already mentioned, it is a clear candidate as the primary excited state and emitter in the reaction (14, 15) . Second, the formation of such a species would argue against proposed flavin structural rearrangements in the reaction (34-36) that involve ring openings and closure steps but that could not lead to formation of a 4a-hydroxide. While the steps responsible for populating the excited state have not been estab- Fig. 1 ). Dashed line shows the spectrum of the postulated hydroxyflavin, obtained by subtracting from curve 5 ( Fig. 1 lished, both the proposed Baeyer-Villiger mechanism (15, 24, 37) , which may also apply in the cyclohexanone monooxygenase reaction (38) , and a postulated free-radical mechanism (39) are compatible with the formation of the flavin 4a-hydroxide.
In earlier studies of absorbance changes in the luciferase reaction, a species absorbing in the 600-nm range was reported and considered as a possible reaction intermediate (40) . In more recent work, such a species was isolated and shown to be a luciferase-flavin neutral radical (41, 42), which, however, could be excluded as playing an obligatory role in the light-emitting reaction. The luciferase flavin hydroperoxide used in the present experiments was prepared under conditions that exclude the formation of the radical species so that its possible involvement need not be considered. (44) (45) (46) . In the bacterial system, chromophores such as lumazine (47, 48) and oxidized flavin (49) , bound to distinct separate proteins, are postulated to be secondary emitters, populated by energy transfer from a primary excited state. The identity of this primary excited state as the FMN 4a-hydroxide in our scheme should be contrasted to the model of Matheson and Lee (43, 50), which assumes that the primary excited species is still unidentified and, in particular, that the flavin does not play any role whatsoever in this respect.
